The ultraviolet (UV) photoresponses of Wurtzite GaN, ZnO, and 6H-SiC-based Optical Field Effect Transistor (OPFET) detectors are estimated with an in-depth analysis of the same considering the generalized model and the front-illuminated model for high resolution imaging and UV communication applications. The gate materials considered for the proposed study are gold (Au) and Indium-Tin-Oxide (ITO) for GaN, Au for SiC, and Au and silver dioxide (AgO 2 ) for ZnO. The results indicate significant improvement in the Linear Dynamic Range (LDR) over the previously investigated GaN OPFET (buried-gate, front-illuminated and generalized) models with Au gate. The generalized model has superior dynamic range than the front-illuminated model. In terms of responsivity, all the models including buried-gate OPFET exhibit high and comparable photoresponses. Buried-gate devices on the whole, exhibit faster response than the surface gate models except in the AgO 2 -ZnO generalized OPFET model wherein the switching time is the lowest. The generalized model enables faster switching than the front-illuminated model. The switching times in all the cases are of the order of nanoseconds to picoseconds. The SiC generalized OPFET model shows the highest 3-dB bandwidths of 11.88 GHz, 36.2 GHz, and 364 GHz, and modest unity-gain cut-off frequencies of 4.62 GHz, 8.71 GHz, and 5.71 GHz at the optical power densities of 0.575 μW/cm 2 , 0.575 mW/cm 2 , and 0.575 W/cm 2 respectively. These are in overall, the highest detection-cum-amplifi-cation bandwidths among all the investigated devices. The same device exhibits the highest LDR of 73.3 dB. The device performance is superior to most of the other existing detectors along with comparable LDR, thus, emerging as a high performance photodetector for imaging and communication applications. All the detectors show considerably high detectivities owing to the high responsivity values. The re-How to cite this paper: Gaitonde, 84
dress these issues, a photo FET device viz. Optical Field Effect Transistor (OPFET) or optically-controlled Metal-Semiconductor Field Effect Transistor (MESFET) is suggested, which has so far delivered high gain and moderately high bandwidth [6] [7] [8] [9] [10] [11] . The performance can be further improved through optimization. Several optimization procedures can be employed such as structural, material, illumination model, bias, wavelength, optical power, or a combination of the above.
In this paper, material, illumination model, and optical power-based optimization are adopted for enhancing the performance of the device towards high resolution UV imaging and UV communication applications. The materials chosen for this purpose are Wurtzite GaN, 6H-SiC, and ZnO. These materials have distinct electrical and optical properties which make the exploration of the devices incorporating these materials even more interesting. The work analyzes in-depth the performance of the OPFET UV detectors based on the material properties and external factors applied. The illumination models employed are the generalized model and the front-illuminated model. The gate materials being used are the gold (Au) and Indium-Tin-Oxide (ITO) for GaN, Au for SiC, and Au and silver dioxide (AgO 2 ) for ZnO. The key changes of the present work with respect to the conference paper are that the original work only presented the performance evaluation and analysis of the generalized and the front-illuminated GaN OPFET models with Au gate and compared that to the previously published results on the GaN buried-gate OPFET models [12] towards high resolution UV imaging and UV communication applications. These devices could resolve subtle variations in light intensity better than the buried-gate devices and comparable to the reported literature [13] [14] [15] [16] [17] [18] [19] [20] [21] without much compromising the other detector parameters which were also superior to most of the existing detectors.
The characteristics of the detectors obtained depend largely on the photoconductive and the photovoltaic effects being developed limited by the voltage drop incurred across the series resistances. At certain instances, negative sensitivity is being observed i.e. increase in depletion width with illumination. Presence of traps largely slows down the response i.e. carrier lifetime is increased since significant amount of time is being spent on filling and emptying (trapping and de-trapping) of the carriers. However, this conversely increases the gain of the device since gain is directly proportional to the lifetime. On the other hand, illuminating the device can cause photoionization of the traps (i.e. release of carriers from traps) reducing the de-trapping time and hence, speeding up the response. But, photoionization does not fully compensate the effect of traps.
All the material properties depend upon the doping concentration. Hence, it determines the material properties to some extent as well as contributes to charge induced by doping, and in turn, the device current. Suppressing the dark current is an important aspect of the present technology. This enhances the photoresponse or photocurrent, improves the Signal-to-Noise ratio [22] and the device performance [23] , enables high and low temperature operation [24] , and allows functioning of detectors with standard CMOS readout circuits [23] . One way of suppressing the dark current is to employ a higher Schottky barrier height metal contact with the semiconductor. This decreases the depletion width, increases the series resistance, and lowers the current. Since the reverse saturation current density is inversely proportional to the barrier height, it is also significantly reduced. This, in turn, boosts the photovoltage, since the photovoltage is inversely proportional to the saturation current density. High Schottky barrier height also increases the depletion area for photogeneration and adds to the photoresponse. Employing a lower gate length also reduces the dark current. This can be explained as follows: The elongation of the gate length proportionally increases the active layer thickness and the gate width, and hence, the dark current. Depending upon the properties, each material may suit to a particular application better than the others. Thus, each material has its own significance.
This paper provides an in-depth analysis of SiC, GaN, and ZnO-based OPFET UV illumination models for high dynamic range imaging and communication applications. In GaN MESFET, due to the presence of deep traps, there is a current collapse under dark condition [25] , due to the creation of depletion region, which reduces the current. However, the current is restored under sub-bandgap or bandgap illumination [26] . The deep electron traps do not alter the minority carrier (hole) lifetime in n-type material since electrons are in abundance but significantly modify and create long lifetimes of the majority carriers, since traps take significant time to trap and release the carriers. GaN is a direct bandgap material involving band-to-band radiative and Auger recombination processes.
Hence, the hole lifetime in n-type GaN is of the order of 1 ns whereas the electron lifetime is of the order of 1 μs which is reflecting the value of majority carrier lifetime under illumination, lower than its value under dark, due to photoionization of traps under sub-bandgap or bandgap illumination. In 6H-SiC, there has been no evidence of electron and hole traps present in the material which is implanted with He + ions. However, there are four significant recombination centres viz. Z 1 /Z 2 , S or E 1 /E 2 , R, and RD5 centres [27] [28] . These possess activation energies of 0.65 eV, 0.4 eV, 1.27 eV, and 0.43 eV respectively with respect to the conduction band. Since, SiC is an indirect bandgap material, the band-to-band radiative and Auger recombination processes contribute negligibly to the recombination lifetime. The only major recombination processes are through the involvement of traps. As such, the net recombination lifetime is of the order of 9.19 ns. The absence of electron or hole traps in the material results in equal majority and minority carrier lifetimes. In ZnO, which is a direct bandgap material, the major phenomena contributing to recombination are the band-to-band recombination processes. There has been observation of two electron traps in hydrothermal grown ZnO with activation energies of 0.22 eV and 0.47 eV with respect to the conduction band [29] which only alter the majority carrier electron lifetime in n-type material. As such, the minority carrier hole lifetime is of the order of 1 μs whereas the electron lifetime under dark condition is of the order of 0.176 ms. But, due to illumination, the electron traps are pho-past few decades, the research focused on GaAs as the semiconductor which primarily operates in the visible to near-infrared region [6] [7] [8] [9] [10] [11] . Hardly any research has been carried out on the UV responses of OPFET detectors. To the best of the authors' knowledge, this is the first report and analysis of wide bandgap material-based OPFET UV detectors for communication and high dynamic range imaging applications.
The previous works on GaN-based buried-gate OPFET, generalized model of OPFET and front-illuminated OPFET UV detectors with Au gate showed excellent photoresponse, fast response times, high detectivity along with enhanced bandwidth [1] [12] . The sensitivity or dynamic range of the buried-gate OPFET was low down to 14 dB. This was improved using the front-illuminated model and the generalized model and was found to be 24 dB and 55 dB respectively. In this paper, further improvement in the linearity range upto 65 dB using different gate material (ITO) for GaN OPFET and upto 73 dB with other semiconductor materials (SiC, and ZnO) was achieved. Also, the bandwidth, response times, responsivity, and detectivity were greatly enhanced.
The rest of the paper is organized as follows: At first, a brief theory is presented followed by the results and discussion, and finally the conclusion of the work done.
Theory
The two models considered in this work (front-illuminated OPFET and generalized model of OPFET) are schematically shown in Figure 1 and Figure 2 respectively.
In the 1 st case, only the transparent gold (Au)/Indium-Tin-Oxide (ITO)/Silver dioxide (AgO 2 ) gate is illuminated whereas in the 2 nd case, the spacings between the gate and source, and the gate and drain are illuminated in addition to the gate area. The absorption of photons with energy greater than the bandgap of GaN in the regions below the gate (1 st case and 2 nd case) and the sidewalls of the gate depletion region (2 nd case) creates electron-hole pairs in the respective regions.
The photogenerated holes travel toward the junction while the electrons move toward the channel. A forward photovoltage is developed when the holes cross the junctions, reducing the depletion width and increasing the drain to source current (photovoltaic effect). On the other hand, the electrons move along the longitudinal area of the channel when the drain to source voltage is applied and contribute to the conductivity of the channel (photoconductive effect). The series resistances present in the area between the gate and source, and the gate and drain, limit the total current through voltage drops developed across these resistances. Thus, the photovoltaic and the photoconductive effects, and the series DOI: 10.4236/cn.2019.114007 88 Communications and Network resistances effect can provide a complete explanation of the performance of these detectors.
In the practical devices, only the gate depletion region exists in the channel.
The p-n junction depletion region extension in the channel ceases to exist ow- The space charge region extension in the channel measured from the surface is written as,
where N dr is the doping concentration, Φ B is the Schottky barrier height, Δ is the position of Fermi level below the conduction band, ɛ is the permittivity of semiconductor, V OP1 is the photovoltage generated across the Schottky junction and v(x) is the channel voltage which varies from 0 at the source end to V DS at the drain end. V DS is the drain to source voltage and v gs is the gate to source voltage.
Photovoltage calculation in the front-illuminated OPFET model
In the gate depletion region, the hole continuity equation is written as
where p is the hole density, v y is the carrier saturated velocity, α is the absorption coefficient, Φ is the photon flux density, τ ωp is the hole lifetime under ac condition, and y is the distance from surface towards the substrate.
Its analytical solution is given as
, using the boundary condition at y = y dg ,
The photovoltage is obtained as ( )
where p(0) is the hole density computed at y = 0, J s1 is the reverse saturation current density across the Schottky junction, q is the electronic charge, k is the Boltzmann constant and T is the temperature. Photovoltage calculation in the generalized OPFET model at the drain end, where y dg0 is the value of y dg at v(x) = 0 and y dgV is the value of y dg at v(x) = V Ds (assuming that the sidewalls are quarter arcs). x s is the linearly varying distance from 0 to y dg0 and x d varies linearly from 0 to y dgV . We can then calculate the hole density in the sidewalls at the source end, by substituting y dgs instead of y dg in the hole density equation (p(y)), and at the drain end, by substituting y dgd instead of y dg in the same equation (p(y)), thus giving hole densities, p 2 (y) and p 3 (y).
To calculate the photovoltage in the case of the generalized model of OPFET, we perform the following: We integrate p 2 (0) and p 3 (0) from 0 to x s and 0 to x d to give the number of holes per square metre crossing the junction, denoted by p 21 (0) and p 31 (0) respectively, by numerical integration using the Trapezoidal method. We can then write the photovoltage equation for the generalized OPFET model as: 
Here n is the electron density, D n is the diffusion constant of electrons, τ ωn is the lifetime of electrons under ac condition.
The solution of Equation (8) obtained analytically is expressed as
where ( ) 
Drain to source current calculation
The total conducting charge is expressed as,
Here Q d is the charge due to doping; Q ch , Q dep1 and Q dep2 are the charges due to photogeneration in the channel, Schottky junction depletion region and the substrate depletion region respectively.
Then Q n can be evaluated as: (11) where n ch , n dep1 and n dep2 are the photogenerated electron densities in the channel, Schottky junction depletion region and substrate depletion region respectively.
All the integrations concerned with the computation of charge are performed numerically using the Trapezoidal method.
The total drain to source current is then calculated using the model described in [30] : The drain to source saturation current is calculated as:
where Q n (0) is the total conducting charge at the source end in the presence of series resistances. η is the parameter giving the ratio of the drain-to-source conductance evaluated at V DS = 0 to the drain to source saturation current.
The drain to source conductance can be estimated as ( )
where G ch is the channel conductance evaluated at V DS = 0 and is given by
Q n (0) is again the total conducting charge at the source end, however, in the absence of series resistances. R s1 and R d1 are the series source and drain resistances and R sh is the drain to source shunt resistance.
The parasitic series source and drain resistances involved in the calculation are obtained following a similar procedure as given in [31] . The above current is applicable to the front-illuminated OPFET. In the case of the generalized model of the OPFET, the additional components of the current due to the contributions from the sidewalls of the gate depletion region are given as follows:
At the source end, Q qZ x N n y y (18) which is the difference between the doping-induced space charge and the photogenerated electron density in the depletion region since the photogenerated electrons deionize the space charge ions. Similarly, the net space charge in the sidewalls of the gate depletion region is estimated as: 
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Thus, the total net space charge is:
The above calculation of the space charge is required for the estimation of the switching time.
Calculation of carrier lifetimes in the presence of traps
The SRH (Schockley Read Hall) recombination lifetime of carriers in the presence of traps is given by [32] :
where the symbols have the same meaning as in [32] .
The definitions of various detector parameters along with their equations are presented in Table 1 from which the necessary concurrences and interrelationships can be derived.
Results and Discussion
The simulations have been performed using MATLAB Software with MEX coding feature. We set the gate-source voltage to 0 V and the drain-to-source vol- Table 2 . The comparison of our simulations with the reported work is presented in Table 3 . The parameters employed in calculation are listed in Table   4 . Figure 3 shows the validation of the present model with the experimental results given in [6] portraying close resemblance. The results have been compared with the commercially available software (Visual TCAD)-based simulations and have shown close match (Figures 4-7) . Figure 8 presents the drain to source current-voltage characteristics for the ITO-gated generalized model of GaN OPFET device at different flux densities showing the clear sensitivity to optical illumination. Figure 9 demonstrates the frequency response of the device at different flux densities indicating the bandwidth dependence upon flux.
The performance and the analysis of the buried-gate, generalized, and front-illuminated GaN OPFET models with Au gate has already been presented in [1] [12] . The results are repeated here in Table 2 along with the present simulation results for comparison. In this paper, an in-depth discussion of the = ph R I P ( )( )
Responsivity Photocurrent generated per incident optical power.
A being the illuminated device area, h is the Planck's constant, ν is the frequency of radiation, r s is the reflection coefficient at the metal-semiconductor interface, and r m is the reflection coefficient at the metal entrance. It is a complete parameter considering all the internal and external factors.
External Quantum Efficiency (EQE) It is the number of electron-hole pairs generated per incident photon of energy hν.
Thus, it depends only on the photocurrent, the incident photon flux, and the illuminated device area and is independent of the photon energy or the wavelength of radiation.
Photocurrent Gain
Ratio of the photocurrent and the primary photocurrent. Primary photocurrent is the photocurrent resulting from power absorption in the device. It describes whether or not the device will exhibit amplification.
d being the surface to substrate thickness. Sensitivity at a particular flux density is the ratio of difference between the drain to source currents at two different flux densities to the value of the drain to source current at the higher flux density. It depicts the sensitivity of the device to slight or large variations in the optical power.
Switching time
It is the ratio of the gate depletion region and the sidewall space charge to the total drain to source current and is the average of the rise and fall times of the pulse response. This corresponds to how fast the device responds to transition between light off to light on and vice versa.
dB Bandwidth

Bandwidth (Bw)
Frequency at which the photocurrent reduces to 0.707 times its DC response. It is the frequency upto which the device can detect without errors.
( )
Detectivity
Describes the smallest detectable signal or the ability to detect weak signals.
NEP being the noise equivalent power, i n is the noise current wherein R L is the load resistance, R gg is the gate bias resistance, R d is the drain resistance, R s1 is the source series resistance, R d1 is the drain series resistance, R ds is the drain to source resistance, and R i is the input resistance; R ds is the change is the reciprocal of the change in the drain to source current with respect to the change in the drain to source voltage at constant gate to source voltage.
The output channel conductance, g d is the reciprocal of R ds .
Linear and Dynamic Range (LDR)
It depicts the linearity between the photocurrent and the optical power over a certain dynamic range expressed in dB. It is required to detect both weak and strong light.
LDR gives the extent of high resolution imaging and sensing. J ph is the photocurrent density measured at an optical power density of 1 mW/cm 2 and J d is the dark current density.
Unity-gain cut-off frequency
It is the highest frequency below which the device exhibits amplification and is given by the ratio of the transconductance and 2π times the gate to source capacitance. Transconductance is the variation in the drain to source current with the change in the gate-to-source voltage and is the amplification parameter. Gate to source capacitance is the variation in the gate depletion region and sidewall space charge with the change in the gate to source voltage and is the switching parameter.
In both the cases, the drain to source voltage is maintained constant. Thus, unity-gain cut-off frequency denotes the amplification bandwidth of the device. with the devices previously studied will be provided. The superiority of the investigated devices with respect to the performance metrics over other detectors and comparable LDR values are clearly depicted from Table 2 and Table 3 .
Note that the unit of detectivity wherever mentioned in the results and discussion i.e. Jones corresponds to cmHz 1/2 W −1 .
Beginning the discussion with 6H-SiC OPFET considering the generalized model, it was found that this device exhibits very high photovoltages (2.22 V, 2.76 V, and 3.3 V) at the flux densities of 10 16 , 10 19 , and 10 22 /m 2 -s respectively. This is attributed to the large Schottky barrier height of the Au-SiC contact (1.37 eV) which effectively reduces the reverse saturation current density across the Schottky junction and in turn, boosts the photovoltage since the photovoltage is inversely related to the saturation current density. This effect is assisted by the significant saturated hole velocity (9 × 10 4 m/s) since photovoltage is directly related to the saturated velocity. Although SiC possesses moderately low absorption coefficient (1.06 × 10 5 /m) and low hole lifetime (9.19 ns) upon which the photogenerated hole density is directly dependent and which tend to reduce the photovoltage, the supporting effects greatly supersede the limiting effects resulting in very high photovoltages. One more reason for the developed photovoltages is owing to the contributions of the photogenerated hole density from the sidewalls of the gate depletion region in addition to the gate depletion region itself. The large barrier height also greatly reduces the dark current by rendering the channel width to zero and substantially raises the series resistances. The dark current contribution from the channel is zero and a small current flows owing to the contribution from the shunt resistance. Under illumination, the series resistances are considerably reduced due to very high photovoltages. Thus, on account of the very high photovoltages and low dark current, the photocurrents generated are high (3 mA, 3.8 mA, and 4.5 mA). The sensitivity is very large at the lower flux density (96.8%) due to large photocurrent and very low dark current. However, as the flux density is increased, the current involved is larger but is limited by the voltage drop incurred across the series resistances, hence, the sensitivity falls at the higher intensities (19.7% and 16.3%) assisted by the fact that the device current is not significantly higher as compared to that at the previous flux density. The transconductances attained are (0 mS, 1.7 mS, 1.5 mS, and 1.1 mS). The transconductance ought to have increased with illumination explained by the fact that at a fixed doping concentration, the depletion width sensitivity to the applied gate-to-source voltage is larger at higher photovoltages. But, the series resistance limits the said sensitivity at higher flux densities leading to a fall in the transconductance with illumination. It will be worth mentioning here that the drain-to-source conductance evaluated as drain-to-source voltage tends to zero is almost insensitive to the change in the flux density (0.08 mS, 0.87 mS, 0.88 mS, 0.88 mS) since zero drain-to-source voltage means zero drain-to-source current which incurs no voltage drop across the series resistance. In other words, it means that the channel charge is calculated in the absence of series resistances. Thus, the conducting charge at the source end of the device upon which the conductance depends is almost the same at all the three flux densities since the large photovoltages render the depletion width to zero and maintain constant channel charge. This charge determines the internal conductance. However, the external conductance is limited by the series resistances but is insensitive to illumination due to lesser variation in the series resistances. This effect would have affected and limited the transconductance (due to the zero depletion width making it insensitive to the applied gate-to-source voltage) through the parameter eta (η) which is the ratio of the said conductance to the drain-to-source saturation current under the hyperbolic tangent expression in the drain-to-source current equation if the device was biased in the linear region of operation. However, in the present case, since the device is biased in the saturation region of operation, this effect is evaded. The gate-to-source capacitances achieved are (0 pF, 0.06 pF, 0.028 pF, 0.031 pF). Again, the capacitance ought to have increased with illumination, however, owing to the same reason (depletion width sensitivity) as in the case of the transconductance there is a fall in the capacitance initially and then remains almost constant. As such, the unity-gain cut-off frequencies attained are (0 GHz, 4.62 GHz, 8.71 GHz, and 5.71 GHz). The obtained high 3-dB bandwidths of (11.88 GHz, 36.2 GHz, and 364 GHz) have been attributed to the very high photovoltaic effect and the short hole lifetime (9.19 ns) with the photoconductive effect contributing negligibly to the response due to the short electron lifetime (9.19 ns) which tend to reduce the bandwidth when it is comparable to the photovoltaic effect. The bandwidth rises with illumination as the photovoltage is boosted with the increase in the optical power. This can be explained as follows: The fact that the depletion width sensitivity is increased at higher photovoltages is translated in the form of roll-off slope of the frequency response curve to be gentler as the flux density increases thus, widening the response and incrementing the bandwidth. The series resis-tance although limits the sensitivity at dc or low frequencies, as the frequency increases, the current significantly drops which reduces the effect of series resistance and allows the device to utilize the full potential of the available sensitivity at or near the 3-dB point. The response or the switching times are as (4 ns, 79 ps, 57 ps, and 43 ps). The value under dark is comparatively large owing to the complete depletion of the channel due to large barrier height which induces maximum space charge under the gate and its sidewalls and the low dark current which altogether increase the switching time, switching time being given by the ratio of the space charge to the drain-to-source current. Under illumination, there is a significant improvement in the response time owing to the large photovoltaic effect which induces high currents and the same simultaneously decreasing the space charge through a reduction in the depletion width. The photoconductive effect does not play any role at any of the flux densities since the short electron lifetime makes it negligible compared to the photovoltaic current. On account of the high photovolatges, the responsivities attained are high (1.56 × 10 9 A/W, 2 × 10 6 A/W, and 2.35 × 10 3 A/W). The photocurrent gain and the external quantum efficiency (EQE) are also high which follow a similar explanation since they are strongly dependent on the photocurrent as the responsivity does. The drain-to-source resistance, R ds and the channel conductance, g d which are the reciprocals of one another significantly decrease (103 kΩ, 40.97 kΩ, 18.26 kΩ, and 9.28 kΩ) and increase (0.0097 mS, 0.024 mS, 0.055 mS, and 0.11 mS) with illumination since although the drain-to-source conductance is insensitive to illumination, the saturation current increases significantly with the optical power and it has been observed that the value of hyperbolic tangent expression is more sensitive to the applied drain-to-source voltage when the saturation current is higher. The drain to source resistance, source and drain series resistances, and various other resistances (gate bias resistance, load resistance, input resistance, and the drain resistance) are useful in determining the noise current. The noise current also depends upon the absolute temperature and the 3-dB bandwidth. Higher the bandwidth, higher the noise current and the noise current is inversely proportional to the resistances. Since the drain-to-source resistance and the series resistances decrease with illumination and the bandwidth increases with illumination, the noise current increases with optical power (0.75 pA, 2.31 pA, and 23.6 pA). The noise equivalent power (NEP) is given by the ratio of the mean squared noise current to the responsivity. Due to a significant decrease of responsivity by three orders of magnitude with periodic increase in the intensity, the NEP considerably increases with the optical power (0.55 fW, 0.78 pW, and 2.1 nW). The parameter detectivity which depicts the ability to detect weak signals in the presence of noise is expressed as the ratio of the square root of the product of detector area and the bandwidth to the noise equivalent power. Although the bandwidth rises with illumination, the effect of periodic increase in NEP is felt more resulting in a periodic decrease in detectivity (3.4 × 10 17 Jones, 4.2 × 10 14 Jones, and 5 × 10 11 Jones). The detectivities are high due to high responsivities. The SiC OPFET device exhibits a large LDR of 73 dB owing to its low dark current and high photocurrent.
ZnO is a known for its high absorption coefficient (2.7 × 10 7 /m), long carrier lifetimes (1 μs) (in the present work), and high hole saturation velocity (1.8 × 10 5 m/s). This tends to increase the photovoltage developed in ZnO OPFET (generalized model) even higher as compared to that in SiC OPFET device but its low barrier height with the Au metal (0.65 eV) pegs its little back in developing the said photovoltage. Nevertheless, it generates considerably high photovolatges (1.616 V, 2.15 V, and 2.67 V). The contribution from the sidewalls of the gate depletion region also adds to the response. The dark series resistances are substantially lower than that in SiC OPFET owing to the lower barrier height. Under illumination, the resistances are significantly reduced but are comparatively higher than that in SiC OPFET due to lower photovoltages. Also, the dark current is substantially higher owing to the lower barrier height (0.425 mA). Although the photovoltages developed are lesser as compared to that in the SiC OPFET producing lesser photovoltaic charge, the ZnO device contributes significantly to the response (3.1 mA, 3.8 mA, and 8.1 mA). This is ascribed to the higher electron saturation velocity (2.8 × 10 5 m/s) of ZnO in contrast with that of SiC (2 × 10 5 m/s) upon which the saturation current depends. In contrary to the SiC device, the ZnO OPFET exhibits large photoconductive effect at the flux density of 10 22 /m 2 -s. This has been enabled by the high absorption coefficient of ZnO and the long electron lifetime which directly boosts the photoconductive effect. It has been observed that the device exhibits negative sensitivity at this intensity. This is because, the large photoconductivity develops high current which develops significantly high voltage drop across the series resistance reducing the channel width to zero by superseding the effect of high photovoltage at this intensity. In this case, the saturation current grows without bounds since the photoconductive effect is independent of the depletion width and reaches a large value. The drain-to-source conductance being evaluated at V DS = 0, the zero depletion width due to the high photovoltage results in high photovoltaic charge which is higher than the photoconductive contribution from the neutral channel region which ought to have produced substantially high conductance but due to the lower electron mobility of ZnO (320 cm 2 /(V•s)) and significant series resistances limits the conductance to 0.8 mS at this intensity. The high saturation current has both an enhancing as well as a limiting effect (through the ratio of conductance and saturation current (parameter η) in the hyperbolic tangent expression) which along with a moderate conductance results in a high drain-to-source current (8.1 mA). The conductance remains almost insensitive to the change in flux density (0.28 mS, 0.796 mS, 0.8 mS, and 0.8 mS) due to the reasons stated earlier. The sensitivities attained are (85.9%, 19.2%, and 52.9%). At the intensity of 10 16 /m 2 -s, the high sensitivity is owing to high photocurrent. As the flux density is increased to 10 19 /m 2 -s, the sensitivity drops to 19.2% owing to the effect of the series resistance as well as the device current at this intensity is not significantly enhanced as compared to that at the previous flux density. The increase in sensitivity at the flux density of 10 22 /m 2 -s is due to the large photoconductive ef-fect. The ZnO OPFET shows response times of (0.837 ns, 77.3 ps, 56.7 ps, and 7.8 ps). The considerably lower switching time under dark as compared to that in SiC (4 ns) is attributed to the lower barrier height which reduces the space charge and due to the higher dark current. With the device illuminated, the switching times are nearly the same in both the ZnO and the SiC devices at the lower intensities since the higher barrier height in SiC is compensated by the higher photovoltage and the lower photovoltage in ZnO is compensated by the lower barrier height resulting in almost equal currents and space charges assisted by the higher electron saturation velocity in ZnO. However, at the flux density of 10 22 /m 2 -s, there is significant improvement in the response time in ZnO OPFET (7.8 ps) as compared to that in SiC OPFET (43 ps) owing to the large photoconductive electron densities reducing the space charge in the depletion region in addition to increasing the current in ZnO device whereas the photoconductive current is negligible as compared to the photovoltaic effect in SiC OPFET. The transconductances observed are (1 mS, 1.7 mS, 1.5 mS, and 25.5 μs). The finite transconductance in the ZnO OPEFT under dark (1 mS) as opposed to the zero transconductance in the SiC OPFET is due to the finite channel width in ZnO OPFET owing to the lower barrier height whereas the SiC OPFET is completely and deeply depleted on account of the high barrier height which fails to register any change with the applied gate-to-source voltage. The equal transconductances under illumination at the lower intensities is due to the compensation mechanism of the barrier height and the photovoltage as discussed earlier along with the higher electron saturation velocity in ZnO and these decrease with illumination due to the voltage drop induced across the series resistance. The significant fall in the transconductance in ZnO OPFET device at the intensity of 10 22 /m 2 -s is owing to the complete depletion of the channel resulting in the insensitivity of the saturation current to the applied gate-to-source voltage whereas the conductance remains almost unaltered due to the large photovoltage maintaining zero depletion width. The gate-to-source capacitances estimated are (0.06 pF, 0.05 pF, 0.033 pF, and 7.43 fF). These are near to that in SiC OPFET at the lower intensities due to the compensation effects previously discussed. At these intensities, the capacitance falls with the increase in optical power due to the effect of series resistance. At the higher intensity, the capacitance falls as compared to that in SiC OPFET device and also with respect to the lower flux densities since the large photoconductive effect in the depletion region neutralizes the charged donor ions in the space charge region at this intensity in addition to the complete depletion of the channel which restricts the sensitivity of the depletion width to the applied gate-to-source voltage. Thus, the f T values achieved are (2.72 GHz, 5.38 GHz, 7 GHz, and 0.546 GHz). The long carrier lifetimes in ZnO result in 3-dB bandwidths of (38.6 MHz, 0.13 GHz, and 3.84 MHz) as opposed to that in SiC OPFET (11.88 GHz, 36.2 GHz, and 364 GHz) since bandwidth is inversely proportional to the lifetime. At the lower intensities, only the large photovoltaic effect contributes. The bandwidth increases with illumination due to the enhancement of the photovoltaic effect which makes the roll-off slope of the frequency response curve gentler as discussed earlier. At the higher intensity, the bandwidth falls due to the following: In this case, under dc conditions or at low frequencies, only the large photoconductive effect contributes. But, as the modulation frequency is increased, the photoconductive current reduces which opens the channel wide enough from the fully depleted state as a result of reduced voltage drop across the series resistance, thus, at or near the 3-dB point, both the photovoltaic and photoconductive effects contribute significantly and comparably. It is noted from self-analysis that when two independent phenomena with almost equal or comparable magnitudes and almost equal frequency responses emanating from equal carrier lifetimes are added to each other, the resulting net frequency response has a bandwidth which is lower than that of the independent processes. Since both the photoconductive and the photovoltaic effects have comparable magnitudes with equal electron and hole lifetimes, the net frequency response is narrower with respect to the individual responses resulting in a fall in the bandwidth (3.84 MHz). The responsivities are high (1.38 × 10 9 A/W, 1.8 × 10 6 A/W, and 4 × 10 3 A/W) due to high photovoltaic effect and the photoconductive effects at the respective intensities. These are slightly lower than that in the SiC OPFET at the lower intensities due to lower photovoltages and higher at the flux density of 10 22 /m 2 -s due to the significantly high contribution from the photoconductive effect. The photocurrent gains and the quantum efficiencies are also high. The drain-to-source resistance and the channel conductance both significantly decrease (103 kΩ, 32 kΩ, 14.4 kΩ, and 1.25 kΩ) and increase (0.0097 mS, 0.031 mS, 0.069 mS, and 0.8 mS) with illumination owing to the same reasons as described earlier for SiC OPFET. However, at the intensity of 10 22 /m 2 -s, there is a considerable enhancement of conductance since at this intensity, the saturation current is independent of the depletion width sensitivity due to complete depletion of the channel owing to large photoconductive effect and hence, the saturation current increases without bounds which results in linear relationship between current and voltage even at high voltages enhancing the conductance. The noise currents in the ZnO OPFET are comparatively lower than that in the SiC OPFET owing to the lower bandwidths (2.24 fA, 7.68 fA, and 0.274 fA). This results in lower NEPs since the responsivities are either comparable or significantly higher (0.0345 fW, 0.05 pW, and 4.4 pW). But, due to the effect of lower bandwidths at the lower intensities, the detectivity is slightly lower in ZnO OPFET (3.12 × 10 17 Jones, and 3.9 × 10 14 Jones). At the higher intensity, the detectivity is considerably enhanced owing to both lower noise current and higher responsivity leading to much lower NEP superseding the effect of lower bandwidth (7.74 × 10 11 Jones). In the ZnO OPFET, the large depletion thickness in the substrate region (0.75 μm) ought to have produced high photoconductive effect but since the absorption coefficient of ZnO is high (2.7 × 10 7 /m) corresponding to an absorption depth of 0.037 μm, only the channel experiences significant photogeneration whereas the carriers are severely degraded upon reaching the substrate region due to the exponential dependence of the generation rate on the distance. The LDR exhibited by the device is mod-Communications and Network erately high (41 dB) owing to the large photocurrent but higher dark current.
In the SiC OPFET considering the front-illuminated model, the photovoltages developed are lower (0.79 V, 0.97 V, and 1.15 V) due to the contributions only from the gate depletion region. Hence, the series resistances are comparatively higher. The dark current is the same due to the same structure (surface gate). Under illumination, the drain-to-source currents are lower owing to the lesser photovoltages. The sensitivities attained are (81.12%, 33.3%, and 33.18%). The high sensitivity at the lower intensity is due to the significant photocurrent and the low dark current. With the increase in the flux density, the sensitivity drops to moderate 33.3% and remains 33% at the higher intensity, since the enhancement of photocurrent with respect to the previous flux density is not significantly high. The response times in the front-illuminated model are higher as compared to that in the generalized model (0.7 ns, 0.4 ns, and 0.288 ns) due to the lower currents involved and higher space charges on account of the lesser photovoltages. The transconductances (0 mS, 1.2 mS, 1.7 mS, and 3 mS) and the gate-to-source capacitances (0 pF, 0.0658 pF, 0.0836 pF, and 0.113 pF) in the front-illuminated model exhibit their normal behavior of periodically rising values with the increase in the intensity due to the usual fact that the depletion width sensitivity increases at the higher photovoltages since in this case, the sensitivity is not limited by the voltage drop across the series resistance owing to the currents involved being lower. Hence, the unity-gain cut-off frequencies obtained are (0 GHz, 2.87 GHz, 3.25 GHz, and 4.18 GHz). It is noticed that the drain-to-source conductance significantly varies with illumination (0.0616 mS, 0.366 mS, 0.46 mS, and 0.59 mS) as opposed to the insensitivity observed in the generalized model. This is because, here, the photovoltages developed are considerably lower which maintain finite depletion width thus, clearly showing the contrast in the sensitivities and the conductance is less affected by the series resistances due to the lower charges involved. The 3-dB bandwidths are substantially lower (1.625 GHz, 3.1 GHz, and 2.42 GHz) than that in the generalized model due to the inferior photovoltaic effect. This effect also reduces the responsivity (2.39 × 10 8 A/W, 3.9 × 10 5 A/W, and 6.048 × 10 2 A/W), the gain, and the EQE. The drain-to-source resistance (103 kΩ, 103 kΩ, 103 kΩ, and 102.3 kΩ) and the channel conductance (9.71 μS, 9.71 μS, 9.71 μS, and 9.77 μS) are insensitive to illumination due to the lower currents involved as discussed earlier. The noise currents are greatly reduced owing to the narrower bandwidths (0.0463 pA, 0.11 pA, and 0.105 pA). The corresponding NEPs are (0.9 fW, 0.85 pW, and 0.536 nW) which are larger than that in generalized model at the lower intensities due to the inferior responsivities but reduced at the higher intensity, since in this case, the effect of higher noise current due to large bandwidth (364 GHz) in the generalized model is felt more than the effect of lower responsivity in the front-illuminated model. As such, the detectivities obtained are (7.75 × 10 16 Jones, 1.13 × 10 14 Jones, and 1.59 × 10 11 Jones). A moderate LDR of 41.4 dB is achieved owing to the low dark current and significant photocurrent.
The overall performance of the ZnO OPFET detector considering the front-illuminated model falls with respect to the generalized model since excluding the illumination in the spacings of gate and drain/source restricts the photovoltaic contribution to the gate depletion region only resulting in lesser photovoltages (0.58 V, 0.76 V, and 0.93 V). Hence, the drain-to-source currents obtained are significantly lower (1.6 mA, 1.9 mA) at the intensities of 10 16 and 10 19 /m 2 -s whereas these are slightly lower (7.8 mA) at the flux density of 10 22 /m 2 -s, since at this intensity, the current is independent of the photovoltaic effect owing to the negative sensitivity resulting from large photoconductive effect which completely depletes the channel and since the channel thickness is the same in both the cases, the photoconductive contribution from the gate depletion region is the same. However, the slight difference in currents is attributed to the exclusion of the photoconductive effect from the sidewalls of the gate depletion region in the case of the front-illuminated model. In addition, although the saturation current is unaltered, and the internal drain-to-source conductance is the same owing to equal channel charges resulting from the developed photovoltage rendering the depletion width to zero in both the cases, there is slight reduction in the drain-to-source conductance emanating from the higher series resistances in the front-illuminated model which restricts the external conductance. It is worth noting here that in spite of the device biased in the saturation region, the drain-to-source current depends upon the conductance. This can be explained by the fact that at this intensity, the saturation current has increased to a large value without bounds since the channel is totally depleted owing to large photoconductivity and the depletion width sensitivity has no role to play in this case.
Since the saturation current is large, it acts as a limiting factor (through the parameter η as discussed earlier) and this results in the current dependence upon the conductance. However, these currents and the photocurrents are considerably enhanced as compared to that in the SiC OPFET. This is due to the higher electron saturation velocity in ZnO and the lower barrier height of Au-ZnO junction inducing more channel charge surpassing the effect of lower photovoltages at the lower intensities and significantly high photoconductivity in the ZnO OPFET as compared to negligible photoconductivity in the SiC OPFET at the higher intensity. The sensitivities exhibited by the device are (72.2%, 17.97%, and 75.64%). The drop in sensitivity at the moderate intensity is owing to the series resistance limiting effect as well as the lesser enhancement of photocurrent with respect to the previous flux density. The switching times are degraded (0.197 ns, and 0.15 ns) as compared to the generalized model at the lower intensities owing to the lesser photovoltages which reduce the currents as well as enhance the space charges whereas there is slight change in the response time at the higher intensity (11 ps) due to almost same photoconductive effect. Despite of the inferiority of the front-illuminated model of ZnO OPFET device realized so far, there is a significant improvement in the transconductance (2.8 mS, 1.9 mS, and 0.864 mS). This emanates from the reduced effect of series resistance at the lower intensities due to the currents involved being lower which allows the device to substantially explore the available sensitivity. At the higher intensity, the improvement is owing to the following: the saturation current is large and the same in both the cases, but it is insensitive to the applied gate-to-source voltage due to completely depleted channel as discussed earlier. The large saturation current which acts as a limiting factor allows the conductance to decide the value of the net current. In both the cases, the internal conductance is largely insensitive to the applied gate-to-source voltage since the large photovoltage renders the depletion width to zero leading to significantly reduced transconductance. However, in the front-illuminated model, it has been observed that the series resistances undergo greater change with the variation in the gate-to-source voltage. This in turn, results in larger variation in the external conductance as compared to the generalized model comparably improving the transconductance. The fall in the transconductance from 2.8 mS to 1.9 mS as the flux density is varied from 10 16 /m 2 -s to 10 19 /m 2 -s is owing to the effect of series resistance.
The gate-to-source capacitance first increases with the increase in flux density from dark to 10 16 /m 2 -s (0.06 pF, and 0.14 pF) due to the photovoltaic sensitivity and then decreases with the further increment in the optical power (0.0891 pF, and 0.0175 pF) owing to the limitation by the series resistance as well as due to the photoconductive effect neutralizing the space charges especially at the flux density of 10 22 /m 2 -s, the photoconductive effect being comparable to the doping induced space charge as a result of the high absorption coefficient of ZnO and the long electron lifetime. These transconductance and the capacitance values result in the f T values of (3.256 GHz, 3.346 GHz, and 7.86 GHz) which are inferior to both SiC OPFET and ZnO OPFET considering the generalized model at the lower intensities since although there is substantial improvement in transconductance, the capacitance is also increased by a similar factor and are comparable to the SiC OPFET (front-illuminated model) since similar scenarios exist in this case. Whereas at the higher intensity, the f T is superior to all the other cases, since in ZnO OPFET (generalized model) even though the photoconductive effect is comparable which reduces the space charges, the transconductance has substantially reduced and in SiC OPFET models, the photoconductive effect is negligible which maintains higher capacitance.
The drain-to-source conductance shows sensitivity to illumination as the intensity is raised from dark to 10 16 /m 2 -s (0.278 mS, and 0.62 mS) due to the photovoltaic reduction of the depletion width. As the intensity is raised to 10 19 /m 2 -s, the conductance increments to 0.75 mS due to higher photovoltage limited by the series resistances. With the further increase in the flux density, the conductance is slightly increased (0.78 mS) owing to the previous value of the photovoltage had already reduced the depletion width to zero and hence, any further rise in photovoltage as in this case, the internal conductance remains the same; however, the external conductance or the drain-to-source conductance is limited by the series resistances which are lower in the case of the higher intensity thus producing slightly higher conductance. The 3-dB bandwidth has dropped significantly at the lower intensities as compared to the generalized model (7.85 MHz, and 49 MHz) due to the reduced photovoltaic effect which makes the roll-off slope of the frequency response curve steeper owing to decreased depletion width sensitivity thus, narrowing the bandwidth. At the intensity of 10 22 /m 2 -s, the bandwidth remains unaltered since in the generalized model case as explained earlier at or near the 3-dB point, both the photoconductive and the photovoltaic effects contribute equally well thus, reducing the net bandwidth. But, in the case of the front-illuminated OPFET, lesser photovoltage induces comparable but non-equal contributions at or near the 3-dB point which tend to decrease and increase the bandwidth respectively thus, balancing each other and maintaining the same bandwidth. The responsivity decreases with respect to the generalized model at the lower intensities (6.47 × 10 8 To overcome the deficiencies of the ZnO OPFET device viz. low bandwidth and significant dark current as well as further enhance the device performance considering the generalized OPFET model, we employ a transparent gate electrode made of AgO 2 with a large barrier height of 1.11 eV with ZnO. This induces large photovoltages (2.96 V, 3.5 V, and 4.016 V) emanating from the barrier height-photovoltage relationship apart from the essential features of ZnO as discussed earlier and the contributions from the sidewalls of the gate depletion region in addition to the space charge region. These photovoltages are considerably higher as compared to the all the previous models. The series resistances under dark are substantially raised as compared to the generalized ZnO OPFET model with Au gate but significantly reduce when illuminated. The dark current is significantly decreased (0.14 mA). The high photovoltages enhance the photocurrents at the lower flux densities (4.1 mA, and 4.6 mA) whereas the response slightly drops (7.8 mA) at the intensity of 10 22 /m 2 -s in spite of the large photoconductive effects in both the cases maintain the same and high saturation current, because the external conductance has slightly dropped due to the higher drain series resistance although the internal conductance is the same due to the large photovoltage in both the cases maintaining zero depletion width. This results in sensitivities of (96.6%, 10.5%, and 40%). The drop at the moderate in-tensity is due to the limitation by the series resistance. Whereas the drop at the higher intensity is owing to the fact that even though the photovoltaic effect has enhanced, the photoconductive effect has been maintained almost the same (slightly lesser). Reduced space charges owing to larger photovoltages and higher current densities accelerate the switching times at the lower flux densities (48 ps, and 39 ps) whereas the response time is almost the same (9 ps) at the higher intensity due to the almost same photoconductive effect. The dark condition switching time is considerably increased (2.73 ns) due to larger barrier height substantially augmenting the space charges as well as lowering the dark current. The high current densities boost the series resistance effects leading to significantly lower transconductance values (0.98 mS, and 0.981 mS) at the lower intensities whereas the large insensitivity of the saturation current and the conductance to the applied gate-to-source voltage as discussed earlier results in very low transconductance (2.7 μs) at the higher intensity. The capacitances are also reduced (0.027 pF, and 0.027 pF) and follow the same explanation as that for the transconductances at the lower intensities whereas both the series resistance effect and the photoconductivity-based deionization of the space charge ions results in the fall in the capacitance at the higher intensity (0.015 pF). Thus, the device exhibits unity-gain cut-off frequencies of (2.46 GHz, 5.8 GHz, 5.84 GHz, and 28.3 MHz). The external drain-to-source conductances (0.77 mS, 0.77 mS, and 0.77 mS) are insensitive to the change in the flux densities due to the large photovoltages maintaining zero depletion width. There is significant improvement in the 3-dB bandwidth at all the flux densities (0.625 GHz, 4.2 GHz, and 6.2 MHz). At the lower intensities, this is attributed to the higher photovoltaic effect which maintains gentler slope of the frequency response curve at or near the 3-dB point owing to its sensitivity. At the higher intensity, the rise in the bandwidth is due to the enhanced photovoltaic charge at or near the 3-dB point and comparable but lesser contribution from the photoconductive effect maintaining largely non equal charges widening the bandwidth. The larger photovoltaic effect produces higher responsivities (2.1 × 10 9 A/W, and 2.4 × 10 6 A/W) at the lower intensities whereas the almost same photoconductive effect results in equal responsivity (4 × 10 3 A/W) at the higher flux density. The parameters, R ds (103 kΩ, 91.7 kΩ, 61.7 kΩ, and 12.9 kΩ) and g d (0.0097 mS, 0.11 mS, 0.162 mS, and 0.77 mS), show significant variation with illumination due to higher currents involved with the additional factor of non-saturation behavior of the current-voltage relationship at the higher intensity even though the device is biased in saturation as discussed earlier. Owing to higher bandwidths, the noise currents are considerably enhanced (34.9 fA, 0.235 pA, and 0.35 fA) which also raise the NEPs (0.091 fW, 0.21 pW, and 5.5 pW) wherein the effect of larger responsivities is lesser. But again due to the higher bandwidths under consideration, the detectivities obtained are higher (4.75 × 10 17 Jones, 5.3 × 10 14 Jones, and 7.9 × 10 11 Jones). The LDR has been significantly boosted to 69.7 dB due to high photocurrent and reduced dark current.
Comparing the previously investigated GaN front-illuminated OPFET model On the other hand, the detectivities are comparable at the lower intensities in the GaN and the SiC OPFET devices owing to the comparable responsivities and the comparable bandwidths but it is inferior in the case of the SiC OPFET at the higher intensity on account of the much lower responsivity in the SiC OPFET due to the negligible photoconductive effect. It is worthy to mention that the substrate depletion region also adds to the photoconductive response significantly at the higher intensity resulting from the moderate absorption coefficient of GaN and large substrate thickness.
Comparing the GaN OPFET generalized model with the ZnO and the SiC OPFET generalized models, the comparison in general will hold similar explanation as that in the case of the front-illuminated model. However, we state here the differences: The currents involved are much higher in the generalized model, tovoltaic effect. The photocurrent gain and the external quantum efficiency (EQE) which are closely related to the responsivity follow the same dependence. The sensitivities attained are (94%, 37.4%, and 48%) as compared to that with Au gate (85.7%, 55.7%, and 53.9%). This difference is observed on account of the significant enhancement of photovoltaic current with ITO gate at the lower flux density compared to the dark whereas the photovoltaic responses are limited by the series resistance effect (relative to the lower intensities) at the higher flux densities. The switching times obtained are (1.91 ns, 91 ps, 49 ps, and 21 ps) as opposed to that with Au gate (1.25 ns, 160 ps, 58 ps, 22 ps). The longer switching time under dark is attributed to the fact that the space charge is more owing to the larger barrier height and the dark current is lower as explained earlier. Under illumination, the switching time improves with ITO gate since the space charge is considerably reduced with the substantially higher photovoltage thus, reducing the depletion width and the photocurrents are simultaneously boosted due to the photovoltage with contributions from the photoconductive effect as well at higher intensities overwhelming the effect of series resistance. The detectivities obtained are larger with ITO gate owing to higher responsivities as well as larger bandwidths although the detectivity is both inversely and directly proportional to bandwidth under the square-root sign through the mean squared noise current and the product of detector area and bandwidth respectively with the directly proportional term having greater consequence.
The transconductances attained are (1.2 mS, 6 mS, 3.2 mS, and 15.43 μS) in contrast to that with Au gate (1.4 mS, 5.3 mS, 3.5 mS, and 26.6 μS). The lower transconductance under dark is due to the lower dark current and the larger barrier height. The enhancement of the transconductance at the flux density of 10 16 /m 2 -s is owing to the significant photovoltaic response. At the higher intensities, the transconductance drops owing to the sensitivity to the gate-to-source voltage being limited by the considerable series resistance effect. The gate-to-source capacitances attained are (33.9 fF, 0.14 pF, 0.06 pF, and 0.03 pF) as opposed to that with Au gate (42 fF, 0.11 pF, 0.072 pF, and 0.057 pF). The significant reduction in the capacitance as the illumination power increases is due to the substantial photovoltaic effect which decreases the depletion width so also the series resistance effect which limits the sensitivity to gate-to-source voltage. As such, the f T values attained are (5.45 GHz, 6.98 GHz, 8.86 GHz, and 0.086 GHz) as opposed to that with Au gate (5.2 GHz, 7.6 GHz, 7.76 GHz, and 74.4 MHz).
The LDR value obtained with ITO gate is 64.96 dB as compared to that with Au gate (55 dB). This improvement is due to the lower dark current and enhanced photocurrent.
Conclusion
An in-depth analysis of the UV photoresponses of GaN, 6H-SiC, and ZnO OPFET models viz. the front-illuminated and the generalized models was carried out with gate materials being Au and ITO for GaN, Au for SiC, and Au and AgO 2 for ZnO. The applications explored are high dynamic range UV imaging and UV communication. The basic detector parameters such as the photovoltage, drain-to-source current, responsivity, switching time, sensitivity, detectivity, unity-gain cut-off frequency (f T ), and Linear and Dynamic Range (LDR) were evaluated. The photoconductive and the photovoltaic effects and the series resistance effects play an important role in explaining the observed dependence of the device characteristics on the material, structural, illumination model, and the external factors applied such as bias, wavelength, and optical power. The generalized and the front-illumination models exhibited a significant improvement in the linear dynamic range over the previously investigated GaN buried-gate OPFET illumination models. The generalized model is superior to the front-illuminated model in terms of the dynamic range. The buried-gate GaN OPFET models showed faster responses and higher bandwidths however, with some exceptions. The responsivities were considerably high and comparable in all the devices with the generalized OPFET showing better response than the front-illuminated OPFET at the lower intensities, and vice versa at the higher intensity. The detectivities were substantially high in all the cases due to high responsivity values. The SiC OPFET considering the generalized model exhibited the highest 3-dB bandwidths of 11.88 GHz, 36.2 GHz, and 364 GHz and the highest detection-cum-amplification bandwidths of 4.62 GHz, 8.71 GHz, and 5.71 GHz at the optical power densities of 0.575 μW/cm 2 , 0.575 mW/cm 2 , and 0.575 W/cm 2 respectively. The LDR obtained was also the highest (73 dB). The lowest response times were attained in the AgO 2 -ZnO generalized OPFET model (48 ps, 39 ps, and 9 ps). The ZnO OPFET is perceived as a high optical power detector from its large sensitivity and responsivity ascribed to the high absorption coefficient of ZnO (2.7 × 10 7 /m), its long electron lifetime (1 μs), and high electron saturated velocity (2.8 × 10 5 m/s) which assist in enhancing the photoconductivity at the high optical intensity of 0.575 W/cm 2 . In overall, the ZnO OPFET exhibits high responsivity, moderate to high LDR values ranging from 24 dB to 69 dB, modest f T values and 3-dB bandwidths ranging between low MHz to low GHz frequencies. Whereas the GaN OPFET is observed to show high responsivities, bandwidths in the sub-megahertz to high gigahertz ranges, modest to high cut-off frequencies and LDR in the 24 dB to 65 dB range. Employing ITO gate in the GaN generalized OPFET model and AgO 2 gate in the ZnO generalized model of OPFET (both possessing large barrier heights) improves the performance of these devices over that using conventional Au gates. The results also show superior performance to most of the other existing detectors with comparable dynamic range. The in-depth analysis provided in this work will aid in conducting further research. The results are in line with the experiments and in close match to commercially available software simulations. The devices show great potential towards high resolution UV imaging, and UV communication applications.
